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Abstract
It was recently shown that cellular turnover occurs within the human adipocyte population. Through three independent
experimental approaches — dilution of an inducible histone 2B-green fluorescent protein (H2BGFP), labeling with the cell
cycle marker Ki67 and incorporation of BrdU — we characterized the degree of cellular turnover in murine adipose tissue.
We observed rapid turnover of the adipocyte population, finding that 4.8% of preadipocytes are replicating at any time and
that between 1–5% of adipocytes are replaced each day. In light of these findings, we suggest that adipose tissue turnover
represents a possible new avenue of therapeutic intervention against obesity.
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Introduction
The molecular and cellular processes that regulate fat mass
remain unresolved. White adipose tissue is the only tissue in the
body that can markedly change its mass after adult size is reached.
Indeed, fat mass can range from 2–3% of body weight to as much
as 60–70% of body weight in humans [1]. At the cellular level, the
source of increased fat mass in obesity is currently attributed to two
mechanisms: adipocyte hypertrophy, the process by which pre-
existing fat cells increase in size due to an accumulation of lipids,
and adipocyte hyperplasia, increase differentiation from preadi-
pocytes [2,3,4]. Many now believe that the total number of fat cells
present in most individuals is set during adolescence and that
changes in fat mass generally reflect increased lipid storage in a
fixed number of adipocytes [5,6,7].
Adipocyte turnover is now thought to occur throughout adult
life. Estimates of adipocyte turnover in humans vary greatly, from
a low of 10% per year by analyzing the integration of
14C derived
from nuclear bomb tests in genomic DNA [7] to a high of greater
than 60% per year (0.16–0.29% per day) by
2H2O long-term
labeling [8]. In both human and mice, turnover rates are believed
to be substantially higher in preadipocytes than adipocytes, 4.5%
and 0.16–0.29% per day, respectively for human [8] and 5% and
1–1.5% per day, respectively, for mice [9].
New adipocytes are thought to arise from a pool of progenitors
that has recently been described and may reside adjacent to the
adipose vascular tissue [10]. A population of cells can also be
purified based on cell surface marker expression and transplanted
into lipodystrophic mice to reconstitute fat depots [11]. Preadipo-
cytes are generally considered to be replicative [12,13] until the
onset of a transcription factor cascade drives adipogenesis [14,15]
andcausesgrowtharrest[16].Adipocytesarethought to representa
terminal stage of differentiation and are widely believed to lack
proliferative ability [17]. Though it was recently demonstrated that
there is cellular turnover within the human adipocyte population
[7], a characterization of the rate of adipose tissue turnover in
mammalian fat tissue has not yet been reported.
Through three independent experimental approaches, we
characterized the degree of cellular turnover in adipose tissue.
First, adipose cells were pulse-labeled with an inducible histone 2B-
green fluorescent protein (H2BGFP) and, following a chase period,
the dilution of H2BGFP through cell division was measured to
facilitate a broad survey of turnover in adipose tissue. Second, to
quantify preadipocyte replication, we measured the percentage of
cells expressing the cell cycle antigen Ki67. Third, to assay the rate
of formation of new adipocytes, we determined the rate of BrdU
incorporation in perilipin-positive adipocytes. We observed rapid
turnover of the adipocyte population, finding that 4.8% of
preadipocytes are replicating at any time and that between 1–5%
of adipocytes are replaced each day.
Results
Rapid turnover of cells in the adipocyte population
To determine whether all adipocytes turnover or if multiple
subpopulations of adipocytes exist, some long lived and others not,
the entire adipocyte pool was assayed in vivo for label retaining cells
(LRCs) (Figure 1A). Tumbar et al engineered transgenic mice
expressing H2BGFP from a tetracycline-responsive promoter (tetO-
H2BGFP) to mark cells and assess their rates of division [18]. To
determine the rate of turnover in the adipocyte population, we
utilized this inducible H2BGFP strategy in combination with a
constitutive promoter that expresses the reverse transactivator
(rtTA) within adipose tissue. The Rosa26 locus is active in most
cells of the mouse, suggesting that in the presence of doxycycline,
Rosa26-rtTA should drive tetO-H2BGFP expression and label
most mouse cells, including all the cell types found in adipose depots
[19] (Figure 1B). Adipocytes can be identified by expression of two
markers: perilipin is a lipid-associated marker of mature differen-
tiated adipocytes[20,21]; CCAAT/enhancer-bindingproteinalpha
PLoS ONE | www.plosone.org 1 March 2011 | Volume 6 | Issue 3 | e17637Figure 1. Rapid adipocyte turnover in adipose tissue. A. Schematic showing how Rosa26-rtTA; tetO-H2BGFP pulse-chase dilution can
distinguish between homogeneous adipocyte turnover (all adipocytes show loss of H2BGFP florescence) and heterogeneous adipocyte turnover
(some adipocytes show loss of H2BGFP florescence, others maintain H2BGFP florescence). B. Experimental schematic for Rosa26-rtTA; tetO-H2BGFP
expression. C. Timeline for Rosa26-rtTA; tetO-H2BGFP pulse-chase experiments. D. H2BGFP (green) is detected in the nucleus of single murine
adipocytes expressing perilipin (red) and DAPI (blue). Scale bars 50 mm. E. Uniform loss of label in adult adipocytes following pulse-chase with
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differentiation, is essential for the accumulation of lipids in
adipocytes, and is expressed by both adipocytes and preadipocytes,
as well as other cell types such as myeloid lineage cells [22,23].
H2BGFP is diluted with cell division and distributed equally
between daughter cells; that all cells, regardless of replicative
activity, can be labeled by the inducible H2BGFP system; and that
in post-mitotic retinal cell populations, H2BGFP is stable for at least
six months [24] (Figure 1G).
To label the adipocyte population with H2BGFP, a group of 40
Rosa26-rtTA; tetO-H2BGFP animals (18 female, 22 male) were
pulsed from conception until six weeks of age by administration of
doxycycline water. Eight animals (four male, four female) were
sacrificed at six weeks of age. All experiments were performed on
sibling cohorts. The remaining mice were removed from
doxycycline and were sacrificed after chase periods of 1 week
(n=4), 2 weeks (n=4), 1 month (n=6), 2 months (n=6), 3 months
(n=6) and 6 months (n=6) (Figure 1C). To verify that mature
adipocytes were labeled following H2BGFP pulse, we dissociated
adipose tissue from pulsed Rosa26-rtTA; tetO-H2BGFP animals
and stained individual H2BGFP-positive adipocytes for perilipin
(Figure 1D). In sections of pulse-chased Rosa26-rtTA; tetO-
H2BGFP adipose tissue, stained with both perilipin and C/EBPa
(Figure 1E), we observed uniform loss of H2BGFP label with time.
Due to the presence of large lipid droplets, adipocytes are
extremely buoyant and can be easily separated from the other cell
types present in dissociated fat tissue based on this physical attribute
[10,25]. In this manner,floating adipocytes can be purified from the
nonfloating stromal/vascular (SV) fraction and analyzed by FACS
to measure the relative loss of H2BGFP intensity in adipose cells.
For these experiments, littermates were pulsed for at least six weeks,
and chases were structured so that all animals could be sacrificed
and analyzed by FACS on the same day. Comparisons of animals
pulsed for 6 or 14 weeks showed no significant increase in the
median intensity of the GFP+ population [24]. By analyzing all time
points in parallel, we were able to compare the relative GFP
intensity between the pulse and chase populations. This experiment
was repeated three times using Rosa26-rtTA; tetO-H2BGFP mice
and the results were consistent each time. FACS plots of dissociated
adipocytes (Figure 1F) indicated that the median intensity of the
GFP fluorescence within the adipocyte pool decreased with time. At
two months of chase, we typically identify only a few hundred
weakly GFP-positive adipocytes in a population of 30,000 cells; if
LRCs do exist, they represent less than 1.360.7% of the adipocytes
examined. We conclude that the diminution of H2BGFP intensity
in the adipocyte population is consistent with a model of rapid
adipocyte turnover.
Evidence of replication in adipose tissue
To quantify the percentage of preadipocytes in adipose tissue
that are undergoing replication, we first assessed a known marker
of cell division within the adipocyte population. The Ki67 antigen
is present only in actively dividing cells and is a robust marker of
cell replication. It is a nuclear protein found during G1 and S/G2/
M phases of the cell cycle but not detectable in quiescent G0 cells
[26]. Although the biological function of the antigen remains
unresolved, the antigen is essential for maintaining the prolifer-
ating state of cells [27]. On stained sections of adipose tissue, we
found that Ki67 colocalizes with C/EBPa (Figure 2A) and that
4.8% of cells coexpress CEBPa and Ki67 in 6-week-old C57/BL6
mice (Table S1). There was no significant difference between the
percentage of Ki67-positive cells at 6-, 14- or 30-weeks of age
(Figure 2B). We observed remarkably little overlap between cells
expressing either perilipin or CEBPa with those expressing the
vascular endothelial marker PECAM1 (CD31) [28] (Figure S1A)
or the macrophage marker Mac1 (Figure S1B,C).
To confirm that a significant fraction of C/EBPa-positive
preadipocytes are labeled with Ki67, we analyzed adipose tissue by
FACS. The nuclei from adipocytes and SV cells were separated,
stained for C/EBPa, Ki67 and the nuclear marker DAPI. The
total percentage of Ki67-positive C/EBPa-positive nuclei in the
SV fat sample was as high as 3.85% (Figure 2C).
Human adipose tissue also undergoes a significant degree of
preadipocyte replication. By confocal microscopy of stained
sections of human adipose tissue, we determined the percentage
of cells in human adipose tissue expressing Ki67 and found that
0.7% of cells in adipose tissue are positive for Ki67 and C/EBPa
at any time (Figure 2D; Table S1).
BrdU analysis suggests 0.6% of adipocytes are replaced
per day
Nucleotide base analogs, such as 5-bromo-29-deoxyuridine (BrdU)
are incorporated during DNA synthesis. BrdU labeling of mature
adipocytes can result via BrdU incorporation into replicating
preadipocytes immediately prior to adipocyte differentiation. Even
just 6 hours post BrdU injection in vivo, we identified single lipid-filled
adipocytes labeled with both BrdU and perilipin (Figure 3A).
To assay the rate of formation of new adipocytes, we
determined the rate of BrdU incorporation in perilipin-positive
adipocytes in mice at 6-weeks of age (Figure 3B). By varying the
duration of BrdU administration, it was possible to plot the
number of labeled cells over time and determine a rate of cellular
proliferation. The percentage of perilipin-expressing BrdU+ cells
was counted for each animal, a linear regression was performed,
and adipocyte BrdU incorporation in 6-week old wild-type mice
was found to be 0.6% per day (n=57272 cells) (Figure 3C, Table
S1). To ensure that daily BrdU injection did not induce cell
damage and permit replication-independent BrdU incorporation,
we verified that no BrdU is detected in the post-mitotic
mammalian photoreceptor cell population. Photoreceptor cells
are located in the outer nuclear layer of the retina and express the
calcium-binding protein recoverin [29]; there was no incorpora-
tion of BrdU by photoreceptor cells, even following 10 days of
continuous BrdU injection (Figure 3D). Each day, 0.6% of the
adipocyte population consists of new adipocytes.
Preadipocyte turnover exceeds adipocyte turnover. We assessed
BrdU incorporation in the CEBPa-positive population, which
includes preadipocytes and adipocytes and found that 1.8% of
CEBPa+ cells incorporate BrdU per day (n=5875 cells). It has long
been known that Ki67 labeling is typically greater than BrdU
labeling [30], and indeed, in CEBPa-expressing cells, our daily
BrdU incorporation rate (1.8%) is less than the growth population
Rosa26-rtTA; tetO-H2BGFP following a chase period of up to 6 months. Top row, Perilipin (red), DAPI (blue). Bottom row, CEBPa (red), DAPI (blue). No
adipocytes are labeled in the absence of pulse. Exposure matched images. Scale bars 100 mm. F. FACS histograms of dissociated adipocytes of
Rosa26-rtTA; tetO-H2BGFP pulse-chase animals are presented as number of H2BGFP-positive cells versus fluorescence intensity. Median fluorescence
intensity of GFP-positive cells versus length of chase shown in graph. G. Even after six months of chase, LRCs were detected in the post-mitotic
photoreceptor cells of the retina after expression of Rosa26-rtTA; tetO-H2BGFP from E0-6weeks. H2BGFP expression (green), recoverin (red), DAPI
(blue). Magnification 200x. All images are exposure matched.
doi:10.1371/journal.pone.0017637.g001
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incorporated only during S-phase of the cell cycle, whereas Ki67 is
detected in all phases of mitosis. We find that 1.8% of the combined
adipocyte/preadipocyte population incorporates BrdU each day.
Obese mice show increased adipocyte formation
Finally, we sought to determine whether the rate of adipocyte
turnover is altered in obese mice. To do this, we utilized OB/OB
knockout mice, in which a mutation in the leptin gene results in
profound obesity[31]. Leptin is a hormone expressed predomi-
nantly in adipose tissue to modulate body weight and energy
expenditure[32]; it is thought to be only expressed in terminally
differentiated adipose cells[33], where its expression is regulated
by C/EBPa[34]. To ask whether preadipocyte replication is
altered in obesity, we determined the percentage of preadipocytes
in cell cycle in 14-week-old wildtype (n=9) and OB/OB (n=6)
mice, all of which were maintained on a C57/BL6 background
(Table S1). Ki67 and CEBPa co-expressing adipocyte nuclei were
Figure 2. Cellular replication in adipose tissue assayed with the cell cycle protein Ki67. A. In mouse adipose tissue, Ki67 (green) overlaps
with C/EBPa (red) and DAPI (blue) in perilipin-positive (purple) adipose tissue in situ. White arrow indicates triple positive cell. Isotype antibody
control shown in right most panel. Scale bars 50 mm. B. The percentage of Ki67-positive C/EBPa-expressing cells was determined in 6 (n=6), 14
(n=9), and 30-week old (n=3) mice. Throughout adult life, 4.8% of cells in adipose tissue are Ki67 and C/EBPa-positive at any time. C. FACS plots of
the stromal/vascular nuclei from dissociated fat tissue of wild-type mice, stained for Ki67 and C/EBPa, as well as appropriate secondary antibody
controls. The total percentage of Ki67-positive C/EBPa-positive nuclei in the stromal/vascular fat sample (above secondary alone background for all
antibodies) was 3.85%; of this 0.06% represented C/EBPa-high Ki67-positive events, and 3.79% represented C/EBPa-low Ki67-positive events. Top
panels represent 8-week-old mice, bottom panels represent 10-week-old mice. D. In human adipose tissue, Ki67 (green) overlaps with C/EBPa (red)
and DAPI (blue) in perilipin-positive (purple) adipose tissue in situ. White arrow indicates triple positive cell. Scale bars 50 mm.
doi:10.1371/journal.pone.0017637.g002
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PLoS ONE | www.plosone.org 4 March 2011 | Volume 6 | Issue 3 | e17637Figure 3. New adipocyte formation assayed with BrdU incorporation. A, Top. BrdU incorporation (green) in newly formed single mature
adipocyte labeled with perilipin (red) in situ. White arrow indicates triple positive cell. BrdU was pulsed for 6 hours. DAPI stained nuclei are blue.
Isotype antibody control is shown in right most panel. Scale bars 100 mm. A, Bottom. Confocal z-stack images confirming that 6 hours after
injection, BrdU incorporation (green) is detected in the nucleus of single murine adipocytes expressing perilipin (red). Magnification, 200x; scale bars
50 mm. B. The rate of replication was assayed following daily injection of BrdU into 6-week-old mice for 1 (n=7), 3 (n=7), 5 (n=6), 7 (n=9) or 10
(n=7) continuous days. Perilipin staining is shown in red, BrdU staining in green, DAPI stained nuclei are blue. Scale bars 100 mm. C. Linear regression
analysis of BrdU counts. Each data point on the graph represents the percentage of BrdU-positive cells in the perilipin-positive population from one
animal. Rate of new adipocyte formation in 6-week old mice is 1.1% per day. D. No BrdU is detected in post-mitotic photoreceptor cells. Recoverin, a
marker of photoreceptor cells, is shown in red, BrdU staining in green, DAPI stained nuclei are blue. Top panel, 100x. Bottom panel, 400x. Bottom
panel represents the region within the dashed line in the top panel.
doi:10.1371/journal.pone.0017637.g003
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be 4.6% and 7.3%, respectively (Figure 4A,B). This represents a
statistically significant increase in preadipocyte replication in OB/
OB mice (p,0.05) (Table S1). To confirm increased preadipocyte
turnover in OB/OB mice, 14-week-old wildtype (n=5) and OB/
OB (n=6) mice were injected with BrdU daily for 5 days. BrdU
and CEBPa co-labeled adipocyte nuclei were counted for both
groups, and BrdU incorporation was found to undergo a
significant increase (p,0.001), from 2.9% to 9.7%, in OB/OB
mice (Figure 4C,D; Table S1).
Discussion
In conclusion, significant turnover occurs in adipose tissue. We
observed a 40% reduction of median H2BGFP intensity within a
two-week chase period, suggesting that the rate of turnover in
adipose tissue may approach 5.7% per day. We found evidence for
cellular turnover in both the preadipocyte and adipocyte
populations. A pulse of BrdU as short as six hours is sufficient to
result in labeled mature adipocytes and 0.6% of adipocytes can be
labeled with BrdU each day. By cell counting and FACS analysis
we observed 4.8% and 3.9%, respectively, of CEBPa-positive cells,
representing the combined adipocyte/preadipocyte population, to
be positive for Ki67; we also found that 1.8% of CEBPa-positive
cells incorporated BrdU per day (Ki67 labeling generally exceeds
BrdU incorporation). Therefore, by three independent experi-
mental approaches —dilution of an inducible histone 2B-green
fluorescent protein (H2BGFP), labeling with the cell cycle marker
Ki67 and incorporation of BrdU — we characterized the degree of
Figure 4. Increased adipose tissue replication in OB/OB mice. A. The rate of adipose tissue replication was assayed by co-staining for the cell
cycle protein Ki67 (green) and the preadipocyte/adipocyte marker C/EBPa (red) in 14-week-old wildtype and OB/OB mice. Representative images of
wildtype and OB/OB adipose tissue are shown. White arrows indicate cells co-staining for Ki67 and C/EBPa. DAPI stained nuclei are blue.
Magnification, 200x; scale bars 100 mm. B. The percentage of C/EBPa-expressing cells in the growth cycle was quantitated for 14-week old C57/BL6
wildtype (n=9) and OB/OB (n=6) mice. There is a statistically significant increase in the rate of preadipocyte replication (p,0.05) from 4.6% to 7.3%,
in wildtype and OB/OB mice, respectively. C. The rate of adipose tissue replication was assayed by co-staining for BrdU incorporation (green) and the
preadipocyte/adipocyte marker C/EBPa (red) in 14-week-old wildtype and OB/OB mice. Representative images of wildtype and OB/OB adipose tissue
are shown. White arrows indicate cells co-staining for BrdU and C/EBPa. DAPI stained nuclei are blue. Magnification, 200x; scale bars 100 mm. D. The
percentage of C/EBPa-expressing cells having incorporated BrdU following 5 days of BrdU injection was quantitated for 14-week old C57/BL6
wildtype (n=5) and OB/OB (n=6) mice. There is a statistically significant increase in the rate of adipose tissue replication (p,0.05) from 2.9% to 9.7%,
in wildtype and OB/OB mice, respectively.
doi:10.1371/journal.pone.0017637.g004
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of adipocyte and preadipocyte cells ranges from a low of 1.8% to a
high of 5.7%.
Adipocyte turnover is an extremely dynamic process that may
provide new opportunities for therapeutic intervention. Although
obesity is a metabolic disorder ultimately caused by energy
imbalance, a greater understanding of adipose tissue growth and
maintenance may one day aid in the treatment of obesity. Our
data suggest that adipose tissue undergoes significant turnover,
likely driven by preadipocyte replication. In the case of one of the
most clinically relevant models of increased fat mass in mice (OB/
OB), the rate of preadipocyte replication is significantly increased,
supporting the idea that the development of obesity is due to both
an increase in fat cell size and fat cell differentiation[2,3,4]. This
finding may extend to the human population and is consistent with
at least one recently published study of human obesity [35]. It
could be that changes in adipose tissue that occur in obesity, such
as effects on adipokine or oxygen levels, may affect preadipocyte
replication and differentiation [35,36].
We can imagine two time points of therapeutic intervention
against preadipocyte replication in cases of human obesity. First, a
substantial increase in fat cell number occurs during adolescence
and an elevated number of adipocytes at the end of this period is a
strong predictor of adult obesity[37,38]; the ability to slow the rate
of preadipocyte replication during this critical period of develop-
ment may prevent both juvenile and/or adult obesity. Second, if
adult obesity itself is caused, or exacerbated, by elevated rates of
preadipocyte replication, then targeted intervention to reduce
preadipocyte replication in adults may facilitate weight loss in
obese patients. We propose that preadipocyte replication may
represent a new mechanism for increased fat mass in cases of
human obesity and hope that reducing preadipocyte replication




Rosa26-rtTA and tetO-H2BGFP mice were generously provid-
ed by Rudolf Jaenisch, Elaine Fuchs, respectively. Rosa26-rtTA
and tetO-H2BGFP mice were backcrossed to .95% C57BL/6
inbred background. Mice were first maintained at a barrier facility
in the Department of Molecular and Cellular Biology at Harvard
University under animal protocol 93-15 and later maintained at a
barrier facility at the Centre for Regenerative Medicine,
Massachusetts General Hospital, Harvard University under
animal protocols 2006N000104 and 2009N000050. Ethics com-
mittees at Harvard University and MGH specifically approved all
animal work.
Human Tissue
The ethics committee at Massachusetts General Hospital
waived the need for patient consent and specifically approved
the human subjects provisions protocol, as the samples obtained
were anonymous and would have otherwise been discarded as
medical waste in the course of a medically warranted procedure.
Genotyping
Genotyping was performed by adding a tail biopsy to 100 ml
DirectPCR (Viagen) with 30 mg Proteinase K (Roche), incubating
overnight at 55uC and denaturing Proteinase K for 20 minutes at
95uC. PCR primers specific to Rosa26-rtTA (A 59-aaagtcgctct-
gagttgttat-39;B5 9-gcgaagagtttgtcctcaacc-39;C5 9-ggagcggga-
gaaatggatatg-39), GFP (forward 59-ctggtcgagctggacggcgacgtaaac-
39; reverse 59-atgtgatcgcgcttctcgttgggg-39) and amplified 300 bp,
600 bp and 600 bp, fragments, respectively. PCR conditions:
95uC for 5 minutes, then 35 cycles of 95uC for 30 seconds, 55uC
for 30 seconds, 72uC for 60 seconds, and finally 72uC for 5
minutes.
Doxycycline and BrdU
Doxycycline (Sigma) was added to drinking water at 1 mg/ml
and sweetened with sucrose (1%). Water bottles were changed
weekly with freshly prepared solution. Animals were injected with
100 ml of 10 mg/ml BrdU (Sigma) or 300 ml BrdU Labeling
Reagent (RPN201, Amersham).
Immunohistochemistry
Unless otherwise stated, wild-type mice were sacrificed at either
6- or 14-weeks of age. Abdominal fat tissue was dissected from
mice, fixed in 4% paraformaldehyde/PBS solution for two hours
at 4uC and washed in PBS. Cryo samples were incubated in 30%
sucrose/PBS solution overnight, embedded in OCT (Tissue-Tek)
and stored at 280uC. Paraffin samples were dehydrated through
an ethanol series, washed three times in xylene, embedded in
paraffin and stored at 4uC. Frozen samples were sectioned at
30 mm for staining, paraffin samples were sectioned at 20 mm. The
following primary antibodies and dilutions were used: rabbit anti-
Perilipin A/B (Sigma), 1:100; goat anti-Perilipin (Novus Biolog-
icals), 1:100; rabbit anti-CEBPa (Cell Signaling Technology), 1:50;
goat anti-Adipsin (P-16) (Santa Cruz), 1:200; mouse IgG1 anti-
Ki67 (BD PharMingen), 1:10; rabbit antiKi67 (Abcam), 1:500;
rabbit anti-PH3 (Upstate Cell Signaling), 1:500; mouse IgG2a
anti-PCNA (Calbiochem, NA03), 1:1000; mouse IgG1 anti-BrdU
antibody (clone B44) (BD Bioscience), 1:50; mouse IgG2a anti-
BrdU (Amersham), 1:200; rat anti-CD31 (BD Bioscience), 1:100;
PE-Cy5 mouse anti-Mac1 (CD11b) (eBioscience), 1:200; rabbit
anti-Recoverin (Chemicon), 1:2,000. Antigen retrieval was per-
formed for Ki67 and BrdU staining using a Retriever2100
machine (Prestige Medical) in 10 mM citrate buffer (pH 6.0).
Secondary antibodies were Alexa donkey 488, 555, 594 and 647
anti-rabbit (Invitrogen), Alexa goat 488 and 555 anti-mouse IgG1
(Invitrogen), Alexa goat 488 and 555 anti-mouse IgG2a (Invitrogen),
Alexagoat488and555anti-mouse(Invitrogen),Alexagoat488,555
and 594 anti-rat (Invitrogen), and Alexa donkey 488, 555, 568 and
594 anti-goat(Invitrogen),allwereusedat 1:500.Tovisualizenuclei,
slides were stained with 0.5 mg/ml DAPI (49,6-diamidino-2-
phenylindole) and then mounted with either Aqua polymount
(Polyscience, Inc) Mounting Medium or VectaShield Mounting
Medium. Images were acquired using a Zeiss LSM510 Meta
confocal microscope or a NIKON Eclipse TE2000-E. Ki67 and
BrdU cell counts were conducted by epifluorescence microscopy.
Collagen embedding was performed on both floating adipocytes
and diluted stromavascular cells (1:40). In both cases, cells were
added to rat collagen type I hydrogel (42% collagen in DMEM),
and then, following solidification, fixed in 4% paraformaldehyde
for 15 minutes at room temperature and washed with PBS.
Embedded adipocytes were immunostained and imaged with a
Zeiss LSM510 Meta confocal microscope or a NIKON Eclipse
TE2000-E T. Embedded SV cells were stained for 16 hours with
Histomark X-gal Substrate (KPL) at 37uC, washed with PBS,
stained with DAPI and analyzed at a Leica DM6000B microscope.
Statistical analysis of cell counts was done using a two-tailed
unpaired Student’s t-test.
FACS
For sorting of live, unfixed adipose cells, abdominal fat was
dissected from mice, rinsed in PBS, and cut with scissors into small
Turnover in Adipose Tissue
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dissociated for 75 minutes in KRB solution (HBSS diluted 1x in
PBS; 2% BSA, 12.5 mM HEPES) with 1 mg/ml Collagenase II
(Sigma) and 0.2 mg/ml DNAse I (Sigma) at 37uC with high speed
shaking. The homogeneous solution was filtered through a
250 mM nylon sieve and centrifuged at 5006g at room
temperature for 5 minutes. The upper layer was collected and
washed with 50 ml of KRB solution twice by spinning at 5006g
for 20 seconds at room temperature. Cells were diluted in KRB
1:3 and sorted on a BD FACS Calibur (Becton Dickinson).
For sorting of fixed and stained adipose nuclei, abdominal fat
was dissected from mice, rinsed in PBS, and cut with scissors into
small pieces of approximately 3 mm in diameter. The fat was then
dissociated for 75 minutes in KRB solution (HBSS diluted 1x in
PBS; 2% BSA, 12.5 mM HEPES) with 1 mg/ml Collagenase II
(Sigma) and 0.2 mg/ml DNAse I (Sigma) at 37uC with high speed
shaking. The homogeneous solution was filtered through a
250 mM nylon sieve and centrifuged at 5006g at room
temperature for 5 minutes. The floating fraction is considered to
consist primarily of buoyant adipocytes while the pelleted cells are
termed stromal/vascular (SV) cells. Both fractions were collected
separately and washed with 50 ml of KRB solution twice by
spinning at 5006g for 20 seconds at room temperature.
Nuclei were extracted by incubation 1:20 in cold lysis buffer
(10 mM TrisHCL buffer, 5 mM MgCl2, 0.3 M sucrose and 0.4%
NP-20) for 20 minutes on ice, pelleted at 20006g and washed
twice with lysis buffer. They were then layered over a 1 ml cushion
of lysis buffer containing 0.88 M sucrose and then collected by
centrifugation at 50006g for 10 minutes. Nuclei were fixed in 4%
paraformaldehyde for 15 minutes, pelleted and washed in PBS by
centrifugation at 65006g for 1 minute and finally resuspended in a
solution of 0.1% Tween 20 and 0.5% paraformaldehyde in PBS
for one hour before being subjected to Ki67 (PE conjugated, BD
PharMingen) and C/EBPa immunocytochemistry, stained with
DAPI and sorted on a BD FACS LSRII (Becton Dickinson).
Supporting Information
Figure S1 Confocal microscopy images demonstrating
little overlap between CEBPa and CD31 or MAC1. A. The
vascular endothelial marker CD31 (green) overlaps with DAPI
(blue) but not with the adipocyte maker perilipin (red) in adipose
tissue. Scale bars 100 mm. B,C. The macrophage marker Mac1
(green) overlaps with DAPI (blue) but not the adipocyte maker
perilipin (red) (B) or those cells strongly expressing C/EBPa (red)
(C) in adipose tissue. Scale bars 100 mm.
(TIF)
Table S1 Ki67 and BrdU Counts in Adipose Tissue.
(DOCX)
Acknowledgments
We thank D. Melton for his generous support and encouragement of this
research. K. Musunuru provided critical reading of the manuscript. J.
Shay, J. Treitman, A. Dhar, J. Mayer and R. Martinez provided technical
assistance. L. Prickett and K.F. Donahue helped with flow cytometry. R.
Jaenisch and E. Fuchs provided the Rosa26-rtTA and tetO-H2BGFP mice.
Author Contributions
Conceived and designed the experiments: AR KJB CAC. Performed the
experiments: AR KJB FL CAC. Analyzed the data: AR KJB FL CAC.
Wrote the paper: KJB CAC.
References
1. Hausman DB, DiGirolamo M, Bartness TJ, Hausman GJ, Martin RJ (2001) The
biology of white adipocyte proliferation. Obes Rev 2: 239–254.
2. Bjorntorp P, Carlgren G, Isaksson B, Krotkiewski M, Larsson B, et al. (1975)
Effect of an energy-reduced dietary regimen in relation to adipose tissue
cellularity in obese women. Am J Clin Nutr 28: 445–452.
3. Sjostrom L, Bjorntorp P (1974) Body composition and adipose cellularity in
human obesity. Acta Med Scand 195: 201–211.
4. Bjorntorp P, Gustafson A, Persson B (1971) Adipose tissue fat cell size and
number in relation to metabolism in endogenous hypertriglyceridemia. Acta
Med Scand 190: 363–367.
5. Hirsch J, Batchelor B (1976) Adipose tissue cellularity in human obesity. Clin
Endocrinol Metab 5: 299–311.
6. Bjorntorp P (1974) Effects of age, sex, and clinical conditions on adipose tissue
cellularity in man. Metabolism 23: 1091–1102.
7. Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA, et al. (2008)
Dynamics of fat cell turnover in humans. Nature 453: 783–787.
8. Strawford A, Antelo F, Christiansen M, Hellerstein MK (2004) Adipose tissue
triglyceride turnover, de novo lipogenesis, and cell proliferation in humans
measured with 2H2O. Am J Physiol Endocrinol Metab 286: E577–588.
9. Neese RA, Misell LM, Turner S, Chu A, Kim J, et al. (2002) Measurement in
vivo of proliferation rates of slow turnover cells by 2H2O labeling of the
deoxyribose moiety of DNA. Proc Natl Acad Sci U S A 99: 15345–15350.
10. Tang W, Zeve D, Suh J, Bosnakovski D, Kyba M, et al. (2008) White Fat
Progenitor Cells Reside in the Adipose Vasculature. Science.
11. Rodeheffer MS, Birsoy K, Friedman JM (2008) Identification of white adipocyte
progenitor cells in vivo. Cell 135: 240–249.
12. Miller WH Jr., Faust IM, Hirsch J (1984) Demonstration of de novo production
of adipocytes in adult rats by biochemical and radioautographic techniques.
J Lipid Res 25: 336–347.
13. Staszkiewicz J, Gimble J, Cain C, Dietrich M, Burk D, et al. (2008) Flow
cytometric and immunohistochemical detection of in vivo BrdU-labeled cells in
mouse fat depots. Biochem Biophys Res Commun.
14. Tontonoz P, Spiegelman BM (2008) Fat and beyond: the diverse biology of
PPARgamma. Annu Rev Biochem 77: 289–312.
15. Rosen ED, Walkey CJ, Puigserver P, Spiegelman BM (2000) Transcriptional
regulation of adipogenesis. Genes Dev 14: 1293–1307.
16. Altiok S, Xu M, Spiegelman BM (1997) PPARgamma induces cell cycle
withdrawal: inhibition of E2F/DP DNA-binding activity via down-regulation of
PP2A. Genes Dev 11: 1987–1998.
17. Prins JB, O’Rahilly S (1997) Regulation of adipose cell number in man. Clin Sci
(Lond) 92: 3–11.
18. Tumbar T, Guasch G, Greco V, Blanpain C, Lowry WE, et al. (2004) Defining
the epithelial stem cell niche in skin. Science 303: 359–363.
19. Zambrowicz BP, Imamoto A, Fiering S, Herzenberg LA, Kerr WG, et al. (1997)
Disruption of overlapping transcripts in the ROSA beta geo 26 gene trap strain
leads to widespread expression of beta-galactosidase in mouse embryos and
hematopoietic cells. Proc Natl Acad Sci U S A 94: 3789–3794.
20. Greenberg AS, Egan JJ, Wek SA, Garty NB, Blanchette-Mackie EJ, et al. (1991)
Perilipin, a major hormonally regulated adipocyte-specific phosphoprotein
associated with the periphery of lipid storage droplets. J Biol Chem 266:
11341–11346.
21. Tansey JT, Sztalryd C, Gruia-Gray J, Roush DL, Zee JV, et al. (2001) Perilipin
ablation results in a lean mouse with aberrant adipocyte lipolysis, enhanced
leptin production, and resistance to diet-induced obesity. Proc Natl Acad
Sci U S A 98: 6494–6499.
22. Freytag SO, Paielli DL, Gilbert JD (1994) Ectopic expression of the CCAAT/
enhancer-binding protein alpha promotes the adipogenic program in a variety of
mouse fibroblastic cells. Genes Dev 8: 1654–1663.
23. Wang ND, Finegold MJ, Bradley A, Ou CN, Abdelsayed SV, et al. (1995)
Impaired energy homeostasis in C/EBP alpha knockout mice. Science 269:
1108–1112.
24. Brennand K, Huangfu D, Melton D (2007) All beta Cells Contribute Equally to
Islet Growth and Maintenance. PLoS Biol 5: e163.
25. Zhang HH, Kumar S, Barnett AH, Eggo MC (2000) Ceiling culture of mature
human adipocytes: use in studies of adipocyte functions. J Endocrinol 164:
119–128.
26. Lalor PA, Mapp PI, Hall PA, Revell PA (1987) Proliferative activity of cells in
the synovium as demonstrated by a monoclonal antibody, Ki67. Rheumatol Int
7: 183–186.
27. Sasaki K, Murakami T, Kawasaki M, Takahashi M (1987) The cell cycle
associated change of the Ki-67 reactive nuclear antigen expression. J Cell Physiol
133: 579–584.
28. Newman PJ (1994) The role of PECAM-1 in vascular cell biology. Ann N Y Acad
Sci 714: 165–174.
29. Dizhoor AM, Ray S, Kumar S, Niemi G, Spencer M, et al. (1991) Recoverin: a
calcium sensitive activator of retinal rod guanylate cyclase. Science 251:
915–918.
Turnover in Adipose Tissue
PLoS ONE | www.plosone.org 8 March 2011 | Volume 6 | Issue 3 | e176373 0 .S a s a k iK ,M a t s u m u r aK ,T s u j iT ,S h i n o z a k iF ,T a k a h a s h iM( 1 9 8 8 )
Relationship between labeling indices of Ki-67 and BrdUrd in human malignant
tumors. Cancer 62: 989–993.
31. Friedman JM, Leibel RL, Siegel DS, Walsh J, Bahary N (1991) Molecular
mapping of the mouse ob mutation. Genomics 11: 1054–1062.
32. Halaas JL, Boozer C, Blair-West J, Fidahusein N, Denton DA, et al. (1997)
Physiological response to long-term peripheral and central leptin infusion in lean
and obese mice. Proc Natl Acad Sci U S A 94: 8878–8883.
33. Leroy P, Dessolin S, Villageois P, Moon BC, Friedman JM, et al. (1996)
Expression of ob gene in adipose cells. Regulation by insulin. J Biol Chem 271:
2365–2368.
34. Miller SG, De Vos P, Guerre-Millo M, Wong K, Hermann T, et al. (1996) The
adipocyte specific transcription factor C/EBPalpha modulates human ob gene
expression. Proc Natl Acad Sci U S A 93: 5507–5511.
35. Maumus M, Sengenes C, Decaunes P, Zakaroff-Girard A, Bourlier V, et al.
(2008) Evidence of in situ proliferation of adult adipose tissue-derived progenitor
cells: influence of fat mass microenvironment and growth. J Clin Endocrinol
Metab 93: 4098–4106.
36. Hutley LJ, Herington AC, Shurety W, Cheung C, Vesey DA, et al. (2001)
Human adipose tissue endothelial cells promote preadipocyte proliferation.
Am J Physiol Endocrinol Metab 281: E1037–1044.
37. Lloyd JK, Wolff OH (1961) Childhood obesity. Br Med J 2: 145–148.
38. Freedman DS, Khan LK, Dietz WH, Srinivasan SR, Berenson GS (2001)
Relationship of childhood obesity to coronary heart disease risk factors in
adulthood: the Bogalusa Heart Study. Pediatrics 108: 712–718.
Turnover in Adipose Tissue
PLoS ONE | www.plosone.org 9 March 2011 | Volume 6 | Issue 3 | e17637